has been verified by experiments in which the incorporation of radioactive substrates into trichloroacetic acid-insoluble cellular material was followed. The tricarboxylic acid cycle intermediates which confer the ability to utilize glucose also enhance the utilization of the a-glucosides sucrose and maltose. The mechanism whereby growth on certain tricarboxylic acid cycle intermediates confers the subsequent ability to grow on glucose is related to a transport system for glucose and a-glucosides. This transport system has been assayed by measuring the uptake of [1-_4C]-2-deoxyglucose. Cells grown for varying periods of time in asparagine, asparagine plus glucose, or malate do not transport 2-deoxyglucose. Cells from malate-glucose cultures that are in the exponential phase of growth on glucose can transport 2-deoxyglucose. Transport of 2-deoxyglucose shows Michaelis-Menten kinetics with a Km of 2.9 x 10-4 M. It is competitively inhibited by glucose, a-methylglucopyranoside, and maltose. The transport of 2-deoxyglucose is inhibited by cyanide, dinitrophenol, azide, and N-ethylmaleimide, but not by malonate or fluoride. No phosphoenolpyruvate: D-glucose phosphotransferase activity has been detected, and the 2-deoxyglucose transported into the cell is not phosphorylated.
Through studies of whole cells and isolated membrane preparations, investigators of sugar transport in bacteria have elucidated seve,ral major mechanisms for these processes. Thus, it is clear that in many bacteria a spectrum of sugars enter the cell with concomitant phosphorylation via the Roseman phosphoenolpyruvate (PEP):hexose phosphotransferase system (13, 14, 18, 20, 22) . Certain other sugars, e.g., lactose, are transported without phosphorylation by using energy derived from membranebound dehydrogenase systems (2, 6, (9) (10) (11) 19) . A role for binding proteins has also been indicated in the transport of some sugars (3, 5) .
We have been studying several species of Arthrobacter which are capable of growth on a wide variety of organic and amino acids but grow, and often poorly, on only a few sugars.
The subject of the present study, A. pyridinolis, can use D-fructose or L-rhamnose as sole sources of carbon but cannot grow on over 10 other carbohydrates tested. D-Fructose is metabolized in this organism by conversion to D-fructose During the work on hexose utilization by A. pyridinolis, it became apparent that, whereas D-glucose could not be used when present as sole carbon source, this hexose could be used when certain other carbon sources were also present in the medium. We now describe these observations and relate them to the characteristics of the transport system for D-glucose in A. pyridinolis. This transport system appears to be inducible, and does not involve phosphorylation of the substrate.
MATERIALS AND METHODS
Bacteria and growth conditions. Arthrobacter pyridinolis was used for all studies. The growth conditions and mineral medium (MS) have been described previously (25) . Carbon sources were added to MS from separate sterile solutions. For routine maintenance, cells were grown in PYE medium containing 0.2% peptone, 0.1% yeast extract, and 0.02% MgSO4 .7H2O. Growth studies were conducted by using 300-ml side-arm flasks as previously described (25) . The turbidity of the cultures was determined at intervals by using a Klett-Summerson colorimeter with a no. 42 filter.
Chemicals. "C-asparagine (U), [ Enzyme assays. Crude extracts were prepared by sonic disruption of washed cells as previously described (25) . Before being used for enzyme assays, the extracts were dialyzed against the buffer to be used for the assay.
Glucokinase (EC 2.7.1.2) was assayed by the methods of Patni and Alexander (17) . Glucose dehydrogenase (EC 1.1.47) was determined by the method of Hauge (8) 40 ,000 counts per min per ml was incorporated. Thus significant amounts of label from glucose are incorporated into trichloroacetic acid-insoluble cell material only after the rate of incorporation of succinate has slowed and a lag in growth has occurred.
The same incorporation experiment was conducted with the substitution of asparagine for succinate. Label from asparagine was incorporated for about 10 h either in the presence or absence of glucose; after this time the amount of label in trichloroacetic acid-insoluble material began to decrease. As expected from the growth data, no significant incorporation of label from radioactive glucose occurred, even after utilization of asparagine.
Many carbohydrates other than glucose fail to support growth of A. pyridinolis when present as sole carbon source. The possibility that tricarboxylic acid cycle intermediates might Inhibition of 2-deoxyglucose uptake by maltose, glucose, and a-methylglucopyranoside. The cells and procedure used for uptake were as described in Fig. 4 . Maltose (x), glucose (A), or a-methylglucopyranoside (0) were added at 0.5 mM; the kinetics of uptake in the absence of additives other than substrate is designated by closed circles. radioactive a-methylglucopyranoside was substituted for 2-deoxyglucose in the experiment.
The possibility remained that phosphatase activity in the cell rendered PEP-dependent phosphorylation of glucose or 2-deoxyglucose undetectable. If this were true, however, mutants lacking enzyme I of the Roseman phosphotransferase system would not be expected to transport and use glucose as well as the wildtype strain. Such mutants have been isolated as fructose-negative strains and have been characterized (E. B. Wolfson and T. A. Krulwich, unpublished data); when tested for growth on malate plus glucose, they exhibit a growth pattern that is identical to that of the wild type.
The effects of several inhibitors on 2-deoxyglucose uptake were determined. N-ethylmaleimide inhibited uptake almost totally (Table 3) . Both cyanide and 2, 4-dinitrophenol also inhibited strongly. Azide The crypticity of A. pyridinolis towards glucose and a-glucosides and abolition of the crypticity by certain tricarboxylic acid cycle intermediates are apparently related to an unusual property of the transport system for these carbohydrates. This transport system does not involve phosphorylation of the carbohydrates and is, therefore, distinct from the PEP:hexose phosphotransferase used for fructose metabolism in A. pyridinolis (21) . Transport of glucose and a-glucosides is inducible, requiring a period of incubation with a substrate of the transport system. More interesting, however, is the requirement for the presence of certain tricarboxylic acid cycle intermediates for the activity and possibly the induction of the transport system. Perhaps, as in other bacterial transport systems (2, 6, 7, (9) (10) (11) 19) and as suggested by the inhibitor experiments, transport of glucose and a-glucosides in A. pyridinolis is coupled to respiration and may utilize a membrane-bound dehydrogenase and associated electron transport chain. In this organism, malate may be the required electron donor for a constitutive dehydrogenase and electron transport chain which are coupled to sugar transport, but the intracellular malate concentration does not reach a high enough level unless malate or a direct precursor is present in the medium. This possibility would be consistent with previous work on the anaplerotic routes in this species (25) and with the continued incorporation of some, albeit very small, amounts of label from the Krebs cycle intermediate during the phase of growth on glucose ( Fig. 2A) . It would also be consistent with the requirement for malate by cells in which the glucose transport system is already induced. In addition to its role as a substrate for the dehydrogenase, malate or some precursor thereof may be required to induce sufficient levels of the dehydrogenase. Barnes (1) has shown that glucose transport in membrane vesicles from Azotobacter vinelandii is coupled to malate oxidation by a membrane-bound malic dehydrogenase. We are presently preparing isolated membrane preparations of A. pyridinolis for use in determinations of possible electron donors whose oxidation is coupled to transport, and in studies of the transport chain.
By using membrane preparations, we will examine the possible differences between the transport chain of asparagine-and malategrown cells, as well as the characteristics of glucose transport in membranes from malateglucose-grown cells.
It is clear that the presence of certain tricarboxylic acid cycle intermediates is required for function of the glucose transport system. It is also possible that whereas the tricarboxylic acid cycle intermediate is present in high concentrations, formation of the glucose transport system is repressed. Thus, the capacity to transport glucose appears only after the tricarboxylic acid cycle intermediate has been depleted to levels which are not repressive but are sufficient to supply substrate for a transport-linked dehydrogenase and a lag has occurred. In another species of Arthrobacter, A. crystallopoietes, succinate has been shown to repress glucose transport (12) . In that species, however, succinate also inhibits glucose transport (12) , whereas in A. pyridinolis malate does not inhibit the glucose transport system but instead seems required for its operation. Future experiments will be directed at the possible repression of the glucose transport system in A. pyridinolis by high concentrations of the same tricarboxylic acid cycle intermediates required for function of the system.
